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vestigate	whether	 it	 increases	 the	precision	of	 identifying	 the	origin	of	oak	wood.	
Since	different	tree–ring	variables	hold	different	information	on	environmental	con-
ditions	 prevailing	 at	 specific	 times	 of	 the	 growing	 season—which	 vary	 between	
source	 regions—we	 hypothesize	 that	 their	 inclusion	 allows	 more	 precise	
dendroprovenancing.
Location: Europe,	Spain.















July	 temperature	 and	 a	 north–south	 gradient	 in	 winter/spring	 temperatures.	 The	
leave-one-out	analyses	supported	the	robustness	of	these	results.
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1  | INTRODUC TION
Trees	 are	 affected	 by	 a	 set	 of	 spatially	 and/or	 temporarily	 varying	
environmental	 factors,	 such	 as	 precipitation,	 temperature,	 competi-
tion,	soil	type,	and	many	others.	The	combined	effect	of	these	local	
environmental	 factors	 on	 tree	 growth	 is	 reflected	 in	 the	width	 and	
structure	of	 the	 tree	 rings,	and	can	be	used	 to	characterize	a	given	
species	 growing	 under	 specific	 site	 conditions	 (Babst	 et	al.,	 2013;	
Holz,	 Hart,	Williamson,	 Veblen,	 &	 Aravena,	 2018;	Martin-Benito	 &	
Pederson,	2015;	Vicente-Serrano,	Camarero,	&	Azorin-Molina,	2014).	
In	dry	Mediterranean	areas,	where	trees	have	limited	access	to	ground	
water,	 drought-induced	 water	 shortage	 was	 observed	 as	 the	 main	
growth-limiting	factor	(de	Luis	et	al.,	2011;	Martin-Benito,	Beeckman,	
&	Cañellas,	2013;	Olano	et	al.,	2014).	Under	 increased	vapour–pres-
sure	 deficit	 trees	 transpire	more,	which	 leads	 to	 a	 faster	 depletion	
of	 plant-available	 soil	 moisture.	 A	 decreasing	 soil–water	 potential	







limit	 the	 trees’	 photosynthetic	 rate,	which	 leads	 to	 reduced	growth	
rates	(Petit,	Anfodillo,	Carraro,	Grani,	&	Carrer,	2011).	Trees	growing	
under	moderate	 conditions,	 e.g.	 in	Central	European	 lowlands	or	 in	
Atlantic	regions,	exhibit	more	complex	relationships	between	environ-
ment	and	growth	with	often	multiple	growth-limiting	factors	(Gričar,	
de	 Luis,	 Hafner,	 &	 Levanič,	 2013;	 Souto-Herrero,	 Rozas,	 &	 García-
González,	2018a)	but	their	growth	patterns	are	still	indicative	for	the	
specific	environment–growth	interactions	at	a	given	site	through	time.




&	Bugmann,	2016;	van	der	Maaten	et	al.,	 2017),	 to	quantify	 forest	
resistance	to	drought	events	(Gazol,	Camarero,	Anderegg,	&	Vicente-
Serrano,	 2017)	 and	 to	 reconstruct	 growth-limiting	 climate	 factors	




as	 it	 serves	 as	 a	basis	 for	dating	and	determining	 the	geographical	
origin	of	historical	timbers	(“dendroprovenancing”)	(Speer,	2010).	This	
can	be	used	to	 identify	source	areas	of	wood,	as	well	as	for	recon-
structing	 wood–trade	 networks	 (Domínguez-Delmás	 et	al.,	 2015).	
Nowadays,	dendroprovenancing	is	becoming	more	and	more	import-

















Until	 now,	 dendroprovenancing	 is	 almost	 exclusively	 based	 on	
correlation	 analyses	 between	 ring-width	 series	 and	 a	 set	 of	 refer-
ence	ring-width	chronologies.	A	statistically	significant	match	leads	
to	 dating	 and	 provenancing	 of	 a	 given	 ring-width	 sequence	 (indi-
cated	by	the	area	covered	by	the	reference	chronology)	 (Fowler	&	
Bridge,	2017).	In	some	specific	areas,	stable	isotopic	ratios	have	also	
shown	great	potential	 to	be	used	 in	provenancing	 studies	 (Bridge,	
2012).	 In	 combination	 with	 dendrochronological	 methods,	 car-
bon,	oxygen	and	 sulphur	 isotopes	have	been	used	 to	 improve	 the	
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nual	 changes	 in	maximum	 latewood	density	of	a	 tree	 ring	 showed	
that	the	probability	of	successfully	dating	historical	samples	can	be	

















2  | MATERIAL S AND METHODS
2.1 | Study sites and species
Samples	were	collected	from	nine	oak	forest	stands	in	the	Basque	
























consists	 of	 old	 trees	 in	 flat	 pastureland	 (called	dehesa	 in	 Spanish).	
All	western	sites	(BRR/BRY,	ONQ	and	ORT;	Figure	1)	feature	typical	
transitional	vegetation	between	Atlantic	and	Mediterranean	phyto-







show	specific	distributional	patterns.	Quercus robur and Q. petraea 
are	widely	distributed	in	Europe	whereas	Q. faginea and Q. pyrenaica 
are	largely	restricted	to	the	Iberian	Peninsula	(Table	2).
2.2 | Acquisition of ring‐width and vessel‐size 
time series

















Total	 ring	 width	 (TRW),	 EW	 and	 LW	 were	 measured	 using	









For	measurement	 of	 the	 EW	 vessel	 area,	 a	 sequence	 of	 over-
lapping	images	with	a	resolution	of	13,780	dpi	was	taken	from	the	
wood	surface	using	a	digital	camera	(Canon	EOS	600D)	coupled	to	
the	 stereo-microscope	 (Figure	2).	 The	 images	 were	 stitched	 using	
PTGui	 9.2.0	 (New	 House	 Internet	 Services	 B.V.,	 Rotterdam,	 The	
Netherlands).	We	measured	vessels	on	a	subset	of	trees	and	cores	
showing	 the	 highest	 inter-correlation	 (Table	1)	 as	 vessel	measure-
ments	are	labour	intensive,	and	thus	can	be	conducted	on	a	limited	
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number	 of	 trees	 only.	Moreover,	 some	 cores	were	 broken	 or	 had	
cracks,	which	made	them	less	suitable	for	wood-anatomical	analyses.
Earlywood	vessels	were	measured	semi-automatically	 in	 imaGeJ 
1.8.0	(Schneider,	Rasband,	&	Eliceiri,	2012)	using	the	VesselJ	plugin	
(I.	García-González,	unpubl.	data)	and	following	the	steps	described	
in	 Souto-Herrero	 et	al.	 (2018a).	 This	 plugin	 allows	 for	 efficient	
discrimination	of	the	bright	chalk-filled	vessel-lumen	area	from	the	
dark-stained	 background	 (the	 remaining	 wood	 structures).	 After	
scanning	and	stitching,	 images	were	converted	 to	8-bit	black-and-
white	 and	 vessels	 were	 distinguished	 from	 the	 background	 using	
gray-scale	 thresholds.	 To	 ensure	 that	 undesired	 objects	 were	 ex-
cluded,	additional	filters	were	applied	removing	elliptical	objects	(less	
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than	twice	as	long	as	wide)	and	objects	smaller	than	10,000	μm².	This	
particular	size	threshold	was	taken	from	Fonti	and	García-González	





González-González,	 Rozas,	 &	 García-González,	 2014).	 The	 images	
with	 the	detected	vessels	were	 then	checked	 for	detection	errors	
and	manual	image	corrections	were	performed	where	needed.
To	assign	each	vessel	to	the	corresponding	dated	tree	ring,	and	
to	 identify	vessels	belonging	to	 the	 first-formed	row	at	 the	begin-
ning	 of	 the	 tree	 ring,	 we	 used	 the	 software	 package	 ”Autovasos”	
(García-González,	unpubl.	data),	again	following	Souto-Herrero	et	al.	
(2018a).	 From	 the	 EW-vessel	 measurements,	 11	 variables	 related	
to	size,	position,	and	water-conducting	capacity	were	derived	from	
























2.3 | Acquisition of a complementary 
set of variables
Many	of	the	14	measured	or	derived	variables	(3	ring	width	and	11	










2.4 | Geographic patterns of time–series variability
Discrimination	between	patterns	of	annual	variation	in	the	selected	
variables	was	done	based	on	the	detrended	individual	time	series	of	




a	 gradient	 among	 time	 series	based	on	 their	 polar	 coordinates—in	
particular	the	angle—of	the	loadings	(Buras	et	al.,	2016).	PCGA	was	
used	to	test	whether	our	predefined	biogeographical	gradients	were	





stead	of	 site	 chronologies,	was	 chosen	 since	one	of	 the	 aims	was	










TA B L E  2  Overview	on	study	species	characteristics,	distribution	and	ecology
































2.5 | Climate effect on PCGA gradient
The	gradient	obtained	from	the	PCGA	was	further	used	to	explore	
mechanisms	possibly	 driving	 it.	 To	do	 this,	we	 focused	on	 climate	
correlations	 of	 single	 tree-ring	 series,	 instead	 of	 calculating	 con-





cgi)	 and	 correlated	 these	 climate	 data	with	 each	 single	 ring-width	
and	vessel	series.	To	account	for	non-normally	distributed	data,	we	
used	Spearman's	rank	correlation	in	these	analyses.	Afterwards,	we	





correlations,	we	 also	 compared	 the	 individual	 climate	 correlations	
between	the	geographical	categories	using	Wilcoxon	rank	sum	test	
(for	 the	 comparison	 between	 east	 and	 west),	 as	 well	 as	 Kruskal–
Wallis	test	(for	the	north,	central	and	southeastern	sites).	Finally,	we	
computed	so-called	 regional	chronologies,	 i.e.	 the	average	over	all	
individual	time	series	representative	of	each	geographical	category	
and	 performed	 the	 corresponding	 climate	 correlations.	 This	 was	
done	to	support	the	results	from	the	single	tree	climate	correlations.
2.6 | Species effect on PCGA gradient
In	 addition	 to	 testing	 the	 resemblance	 of	 geographical	 categories	








2.7 | Identifying the area of origin
To	test	whether	the	origin	of	a	randomly	selected	tree	can	be	iden-
tified	 from	PCGA,	we	performed	 a	 “leave-one-out”	 approach.	 For	
this,	we	 successively	 selected	 each	 tree	 from	 the	 data	 set	 to	 test	
whether	its	origin	could	be	correctly	identified	by	means	of	PCGA.	
In	 order	 to	 do	 so,	we	 excluded	 the	 respective	 tree	 from	 the	 data	
pool,	and	performed	a	PCGA	on	the	remaining	data	set	as	explained	





other	trees	 (those	which	were	kept	 in	the	data	for	 the	PCGA)	and	










3.1 | Selection of complementary variables
Based	on	the	similarity	of	loadings	on	the	first	two	PCs	of	Varimax	
rotated	PCA,	the	number	of	variables	for	further	analyses	was	re-
duced	 from	14	 to	 three,	 i.e.	NV,	Dh,	 and	LW,	 since	 they	 appeared	
to	 carry	 unique	 and	 complementary	 information	 for	 most	 of	 the	
study	sites	 likely	related	to	site-specific	environmental	signals	 (see	
Appendix	S2).
F I G U R E  2  Wood	surface	images	of:	
(a)	Quercus robur,	(b)	Quercus petraea,	(c)	
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3.2 | PCGA
The	common	overlap	period	for	the	PCGA	of	LW	data	was	127	years	
(1888–2014)	 and	 incorporated	64	 individual	 trees	 representing	 all	
study	sites	and	species.	The	PCGA	demonstrated	that	LW	time	se-






Dh	 time	 series	 revealed	 no	 clear	 separation	 of	 loadings,	 nei-










3.3 | Climate effect on PCGA gradient
Correlation	analyses	between	the	gradient	derived	from	the	PCGA	






The	 strength	 of	 the	 climate	 correlations	 also	 varied	 along	 the	
PCGA	gradient	 as	 derived	 from	Dh	 (see	Appendix	 S7).	 Vessel	 size	
(Dh)	of	trees	in	NE,	located	at	lower	elevation	and	closer	to	the	sea	
was	negatively	correlated	with	February	temperature,	whereas	for	





Principal	 component	 gradient	 analyses	 indicated	 no	 species-





























































     |  1171AKHMETZYANOV ET Al.
4  | DISCUSSION
4.1 | Added value of including complementary tree‐
ring variables into dendroprovenancing of oak
Our	 results	 indicate	 that	 a	 higher	 precision	 of	 provenancing	 can	 be	
achieved	 for	 ring-porous	oak	wood	when	 combining	wood-anatomi-
















such	 as	 the	maritime	 part	 of	Central	 Europe,	where	 classical	 dendro-
provenancing	of	 oak	 fails	 (Bridge,	 2000),	 probably	due	 to	 its	 complex	





Wood-anatomical	 analyses	 can	 also	 be	 applied	 to	 waterlogged	






(e.g.	 maximum	 summer	 temperature	 and	 precipitation	 in	 δ13C	 and	







using	 single	 trees	 as	 a	 main	 source	 of	 information	 to	 understand	
variability	 in	growth	 responses,	as	proposed	 for	ecological	 studies	




4.2 | Spatial variation of climatic signal in different 
tree‐ring variables
4.2.1 | Climatic signal in latewood width
Analyses	 of	 spatial	 variation	 of	 the	 climatic	 signal	 revealed	 that	
the	 main	 factor	 discriminating	 (based	 on	 LW	 time	 series)	 tree	
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origin	 into	 Basque	 (eastern)	 and	 Cantabrian	 (western)	 sites	 was	
average	 June–July	 temperature	 (Figure	5a).	 The	 effect	 of	 average	
June–July	 temperature	on	 tree	 growth	was	 changing	 from	no	 sig-
nificant	 in	the	west	to	significantly	negative	in	the	east	 (Figure	5b,	
see	Appendix	S10)	with	the	signal	mostly	driven	by	the	lowest	and	
highest	 sites.	 In	 general,	 radial	 growth	 of	 deciduous	 oaks	 in	 the	
Mediterranean	 is	 negatively	 related	 to	 high	 temperature	 during	
summer	 (Rozas,	 2001,	 2005;	 Souto-Herrero	 et	al.,	 2018b;	 Tessier,	
Nola,	&	 Serrebachet,	 1994),	 i.e.	 the	 period	with	maximum	growth	
activity	(Castagneri,	Regev,	Boaretto,	&	Carrer,	2017).	High	summer	
temperature	 increases	 drought	 stress	 due	 to	 elevated	 evapotran-
spiration,	leading	to	reduction	of	photosynthesis,	favouring	reserve	
storage	 and	 consequently	 slowing	 of	 growth	 rates	 (Bréda	 et	al.,	
2006;	Sala,	Woodruff,	&	Meinzer,	2012).	 In	 contrast	 to	oaks	 from	
Basque	(eastern	sites),	trees	from	Cantabria	(western	sites)	did	not	
show	any	significant	 response	to	summer	 temperature	 (Figure	5b).	








































































































4.2.2 | Climatic signal in earlywood vessels across a 
latitudinal/topographic gradient





González,	García-González,	and	Vazquez-Ruiz	(2013)	for	Q. robur and 
Q. pyrenaica),	high	winter	temperatures	are	apparently	related	to	the	
formation	of	smaller	vessels.	This	effect	was	strongest	in	oaks	from	
NE,	 and	 has	 been	 reported	 earlier	 for	Castanea	 sativa	Mill.	 in	 the	
Swiss	Alps	 (Fonti	&	García-González,	2004;	Fonti	et	al.,	2007)	and	
for	Quercus petraea and Q. pyrenaica	from	Northern	Iberia	(González-
González	et	al.,	2014).	A	negative	February	temperature	effect	has	
been	 previously	 explained	 by	 the	 temperature	 sensitivity	 to	 the	
plant	hormone	auxin	(Fonti	et	al.,	2007),	which	controls	the	cambial	
activity	 and	 is	 involved	 in	 vascular	 differentiation	 (Fukuda,	 2004;	























4.3 | Species effect on variation of selected tree‐
ring variables
The	 ring-porous	 oak	 species	 used	 in	 this	 study	 are	 very	 simi-













petraea and Q. pyrenaica)	at	two	study	sites.



















explored.	Moreover,	 as	 ring-porous	oak	 species	 in	Northern	Spain	











 West East NE CE SE
LW 100% 89% 81% 0% 100%
Dh 61% 35% 81% 58% 91%
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5  | CONCLUSION & OUTLOOK






needed	 to	 extend	 our	 knowledge	 on	 the	 ability	 of	 this	 approach	
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